We describe the histopathologic findings in a nonhuman primate (NHP) model of superselective intraophthalmic artery chemotherapy (SSIOAC), detailing ocular and orbital vascular adverse effects.
S uperselective intraophthalmic artery chemotherapy (SSIOAC) has come to the forefront in the treatment of retinoblastoma, without the benefit of preclinical modeling. 1 Real-time ophthalmoscopic observations of SSIOAC in a nonhuman primate (NHP) model were described elsewhere. 2 Multiple acute ocular vascular sequelae were documented, including ophthalmic artery (OA) thrombosis, narrowing of the OA and retinal arteries, pulsatile optic nerve and retinal edema, retinal artery sheathing and precipitates, and choroid blanching and hypoperfusion. Hematoxylin-eosin-stained serial sections of retinal arterioleprogressing temporally reveal endothelial cell damage (arrows) (original magnification ×80) (A), leukostasis (arrowhead) (original magnification ×80) (B), and occlusion (asterisk) (original magnification ×120) (C) in eye treated with melphalan (MEL 330).
Figure 2. Intercellular Adhesion Molecule 1 Staining
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Intercellular adhesion molecule 1 staining (arrows) was more robust in the carboplatin-treated (A) than in the untreated (B) eye (original magnification ×80; CBP 039).The faint staining seen in the control eye (B) was attributed to systemic distribution of the infused chemotherapeutic agent.
Few reports have detailed the histopathologic changes associated with SSIOAC. [3] [4] [5] Recently, Eagle and colleagues 6 reported the histopathologic findings of 8 enucleated eyes after treatment of retinoblastoma with SSIOAC. Indications for enucleation included poor tumor response to therapy, recurrent vitreous seeding, anaphylaxis, neovascular glaucoma, and persistent retinal detachment. The study revealed evidence of retinal and choroidal atrophy induced by vascular compromise, intravascular birefringent foreign body material, and vessel thrombosis. Three of the eyes, however, had received plaque brachytherapy, external beam radiotherapy, or cryotherapy in addition to SSIOAC. The principal aims of our NHP study were to (1) document the ocular findings during infusion with real-time ophthalmic imaging; (2) measure the vitreous and systemic chemotherapy pharmacokinetics; (3) describe the histopathologic findings in treated eyes; and (4) validate our model by com- paring orbital vascular anatomy in the NHP model with that in a 2-year-old child. The findings for aim 1 have already been published, 2 and those for aims 2 and 4 will be reported separately. To our knowledge, our present study, focusing on aim 3, is the first to examine histopathologic findings in the eyes, optic nerves, and orbital vasculature after SSIOAC in an NHP model.
Methods
A detailed description of the SSIOAC technique used in this study was provided elsewhere. 2 In brief, we randomly assigned 6 adult male Rhesus macaques (Macacca mulatta) to 1 of 2 treatment cohorts (right eye received treatment and the contralateral eye served as the control), receiving either melphalan (5 mg/30 mL) or carboplatin (30 mg/30 mL). Six hours after the final chemotherapy infusion (3 cycles at 3-week intervals), we enucleated the globes, injected them with 1 mL of 0.04% paraformaldehyde, and then placed them in 10% neutral buffered formalin for at least 48 hours before gross examination. Immediately after enucleation, we euthanized the animals and perfused them with 10% neutral buffered formalin to fixate the orbital tissues. Approval for the study and institutional guidelines were obtained and followed as required by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center, Memphis.
Ocular Pathology Section Preparation
During gross examination, we opened the globes vertically and removed the temporal and nasal caps. We processed and sectioned (temporal to nasal, at least 500 sections per eye) the pupil-optic nerve section for routine light microscopy, stained every fifth slide with hematoxylin-eosin, and chose appropriate unstained sections for further histochemical (elastin stain) and immunohistochemical study.
Immunohistochemistry
We used rabbit monoclonal antibodies reactive to the Cterminus of the human intercellular adhesion molecule 1 protein (ICAM-1; concentration optimized at 1:200) (TA307840; OriGene Technologies) and reactive to the residues surrounding valine 68 of the human interleukin 8 protein (IL-8; concentration optimized at 1:1000) (NBP1-19757; Novus Biologicals). Heat-induced epitope retrieval was used on the paraffin sections. A rabbit-on-rodent polymer-horseradish peroxidase (RMR622L; BioCare Medical) was used for antibody detection with the chromogen diaminobenzidine (TA-125-HDX; Thermo Shandon) and hematoxylin counterstain.
Transmission Electron Microscopy
On gross examination, we placed the nasal and temporal caps of each eye in 4% paraformaldehyde fixative overnight at 4°C. After dissection, we placed the samples into a solution of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 mol/L sodium cacodylate at 4°C. We postfixed the samples with osmium tetroxide, followed by staining with 2% uranyl acetate, dehydratation, embedding in epon, and polymerization. Finally, we prepared 80-nm-thick sections and collected them onto copper grids for transmission electron microscopic analysis.
Orbital Pathology Section Preparation
Using a 15-blade scalpel, we reflected the scalp of the NHP to expose the skull and then removed the calvarium with a bone saw. We removed the brain, carefully preserving the circle of Willis and optic nerves. We resected dura from the skull base and used rongeurs to remove the bone roofs of the orbit and optic canal. Using Westcott scissors, we severed the levator and superior rectus muscles from the insertions, reflected the muscles, and exposed the intraconal contents. Dissecting orbital fat off the orbital vasculature with jeweler's forceps allowed us to identify the OA and its branches without traumatizing the vessels. Then we carefully removed optic nerves from the optic canal to reveal the origin of the OA. Finally, we placed the optic nerves and orbital arterial tree (removed beginning at the origin of the OA en bloc from the right and left orbits of each animal) in 10% neutral buffered formalin. We identified, inked, and isolated the ophthalmic, central retinal, frontal and lacrimal arteries, then sectioned, embedded on edge, and serially sectioned each artery and optic nerve. One animal, MEL 561, had had persistent swelling and erythema of the right upper eyelid since the initial SSIOAC, so we removed the right upper eyelid intact, placed it into 10% neutral buffered formalin, and then trisected and prepared it for pathologic examination, as already described.
Results
Ocular Pathology
The eyes in our NHP model measured 19 × 19 × 19 mm with no gross abnormalities. No pathologic abnormalities were observed in the control eyes. In Table 1 , we delineate all ocular pathologic findings (see also Figures 1, 2, 3, 4 , 5, and 6). In the treated eyes, we found localized endothelial immunohistochemical staining for ICAM-1 and staining for IL-8 in the retinal endothelial cells and surrounding neurosensory retina (Figure 2 ). We found less robust staining in the control eyes. Birefringent foreign bodies found in the choroidal and short posterior ciliary arteries of 3 treated eyes were approximately 20 μm in diameter and appeared to be aggregates of smaller particles ( Figure 5 ). In 1 central retinal artery (CRA), a thrombus was organized with fibrovascular tissue retracted from the vessel wall as the vessel recanalized. The corresponding retina showed loss of the ganglion cell layer and was thinner than the control eye ( Figure 6 ). Vascular ultrastructural changes of SSIOAC-treated and untreated eyes were assessed with electron microscopy. Retinal vessels of nontreated eyes showed clear lumina devoid of blood cells or cellular debris, whereas many vessels of treated eyes were occluded by red blood cell aggregates, macrophages, and membranous debris. Small endothelial cell projections were commonly observed, and pericytes displayed swelling and disorganization of intracellular organelles (Figure 7) .
Orbital Pathology
We examined all orbital vasculature except that of 1 control side; the initial left-sided dissection in 1 animal (MEL 330) was not suitable for histologic examination. We examined the optic nerves in 5 of the 6 NHPs; the optic nerves in 1 animal (MEL 561) were not suitable for histologic examination. Examination findings in the control orbital vasculature and optic nerves were normal in all NHPs. Our orbital pathologic findings are presented in Table 2 and Figures 8, 9 , and 10. One animal was noted to have a dissection within the wall of the distal OA that propagated anterior into the CRA, with red blood cells noted within the dissection space ( Figure 8 ) and CRA wall thickening in comparison to the control side. A birefringent foreign body was found on examination of the optic nerves, similar in appearance to those previously described ( Figure 5 ). In the right upper eyelid of MEL 561, which developed swelling after the first drug infusion and persisted through the termination of the study, we found evidence of medium-vessel thrombosis and inflammatory cells within the tarsal conjunctiva ( Figure 10 ).
Discussion
In the treatment of retinoblastoma, SSIOAC delivers localized, concentrated chemotherapy to the OA in the hopes of A, Retinal vascular morphology in control eyes. In both small (A1) and large (A2) vessels, the integrity of pericytes (P) and vascular endothelial cells (E) is well preserved. Vessels show a clear lumen with no blood cells, membrane debris, or endothelial projections. B, Retinal vascular damage in nonhuman primates treated with superselective intraophthalmic artery chemotherapy. B1 and B2, Vessels were often occluded by red blood cells (RBC) and macrophagelike cells (M). Pericytes (P) were routinely swollen and contained disrupted intracellular organelles. C1 and C2, In lumina that were clear of cells, membrane debris (single arrows) and extended endothelial projections (double arrows) were commonly observed. Previous studies have detailed the histopathologic findings in eyes with retinoblastoma treated with SSIOAC. These studies principally focused on residual viable tumor 4, 5 ; however, Eagle and coworkers 6 documented findings attributed to toxic effects of SSIOAC in 8 eyes. These included ischemic atrophy involving the outer retina and choroid (n = 4), orbital vascular occlusion and subendothelial smooth muscle hyperplasia (n = 1), and thrombosed blood vessels involving the retrobulbar ciliary arteries (n = 5), scleral emissary canals (n = 1), small choroidal vessels (n = 1), and CRA (n = 1). Intravascular birefringent foreign material was noted in 5 eyes and classified as cellulose fibers (n = 3), synthetic fabric fibers (n = 1), or unknown composition (n = 2). We found similar pathologic findings in our 6 NHP eyes treated with SSIOAC. Retinal arteriole occlusion, endothelial cell damage, and leukocyte adhesion were prominent findings in each of the eyes. Thrombi, 1 of which had organized, were noted in the CRA of 4 eyes. Immunohistochemical expression of ICAM-1 and IL-8 by retinal endothelial cells-as well as endothelial cell sloughing, pericyte disorganization, and membranous debris within the vascular spaces of the treated eyes-support our hypothesis, derived from prior in vitro studies, of a drug-induced retinal endothelial cell inflammatory response with secondary leukostasis leading to vascular occlusion. 15 We also noted intravascular birefringent foreign bodies approximately 20 μm in diameter within the retinal, choroidal, and short posterior ciliary arteries of 3 animals and within the optic nerve of another. However, we believe these particles are drug precipitates within smaller-caliber vesselsaggregates of the 5-μm particles described elsewhere in hyperconcentrated infusate.
2
Although animal models of intra-arterial therapy existspecifically models involving regional and hepatic perfusionand have been used to document local toxic effects, clinical studies in patients have shown that vasculopathic toxic effects may occur in response to high-dose systemic and regional melphalan perfusion. 16, 17 Extrapolating from these studies, one could predict regional vascular toxicity. However, the nature and extent of such toxic effects have not been described before our study. We are unaware of animal or clinical studies in which this concentration of melphalan has been infused in this manner in an artery of this size for this duration. We believe that melphalan, and the aggregates that form in vivo, account for the pathologic effects in smaller vessels, principally thrombosis, leukostasis, and occlusion. As already discussed, in vitro findings in retinal endothelial cells support drug-mediated toxicity. 15 Finally, since completion of the present study, other investigators have reported similar findings in children treated with SSIOAC. 18 Although prior studies have examined ocular histopathologic findings after SSIOAC, we are unaware of any study with detailed orbital histopathologic findings. We documented 3 significant changes in the orbital vasculature: intimal hyperplasia, fracturing of the internal elastic lamina, and arterial wall dissection. Each represents a unique response to mechanical trauma from SSIOAC, specifically the turbulent flow created by manual pulsatile infusion. Intimal hyperplasia is a wellknown physiologic response associated with vascular injury, 19, 20 and fracturing of the internal elastic lamina is another indicator of vascular damage. 19 Our most important finding was an arterial dissection involving the distal OA and CRA.
To our knowledge, ophthalmic and CRA dissection after SSIOAC has not been previously reported in the literature. An arterial dissection, by definition, is a traumatic event. As for the etiology in our NHP model, we believe that flow turbulence and vasculature stretch within the OA during pulsatile infusion caused an intimal tear. We believe it is less likely that mechanical trauma from cannulation of the OA led to the dissection, because the dissection began in the distal portion of the OA and propagated anterior to the CRA. In our procedures, the microcatheter was advanced no more than 2 mm past the ostium of the OA. 2 Our study is also the first to provide histopathologic findings for the transient eyelid erythema and edema commonly observed after SSIOAC, 3, 11, 12, 21 with 13 of 17 patients affected in 1 study. 11 We found evidence of a thrombus within an upper eyelid vessel in the animal that had persistent swelling and redness after the initial procedure. The presence of the thrombus, leukostasis, and birefringent crystals elsewhere in the orbital arterial tree suggest drug-related toxic effects similar to those observed in the retinal, choroidal, and short posterior ciliary arteries. In contrast to prior histopathologic findings in eyes treated with SSIOAC, our treated NHP eyes had no coexisting pathologic conditions or prior treatments. All contralateral eyes and orbital vessels were normal. We believe our histopathologic findings are the direct sequelae of SSIOAC, reflecting mechanical trauma from infusion and toxic effects from chemotherapy. Our findings are expected based on the acute vasculopathies observed with real-time fundus imaging in the same NHP model during SSIOAC. 2 Because we have validated our NHP model, finding comparable diameters of eyes and OAs in a control pediatric population younger than 6 years, 22 our results are directly translatable to children with retinoblastoma. To that end, separate studies by Eagle et al 6 and Shields et al 12 of the histopathologic and clinical findings in eyes of children with retinoblastoma treated with SSIOAC parallel our findings in an NHP model. In conclusion, histopathologic examination of NHP eyes and orbits treated with SSIOAC revealed widespread vascular damage. Although our findings represent acute toxic effects, we are concerned about the long-term effects of SSIOAC on ocular and orbital vasculature. Do the observed toxic effects place these eyes at an increased risk of future ischemic or thrombotic events? Prospective, long-term follow-up is needed well after intraocular disease is controlled. Finally, our research stresses the need for further preclinical modeling to address the variables of flow and drug concentration in an attempt to mitigate these ocular and orbital vascular toxic effects.
